The induction brazing of TiAl to alloy steel AISI 4140 was carried out using a filler metal of eutectic Ag-Cu alloy coated with Ti film. The brazement was comprised of Ag-rich, Ti-rich, CuTi and CuTi 2 phases at a brazing temperature of 1073 K. Two reaction layers, AlCuTi and AlCu 2 Ti phases, were observed between the filler metal and TiAl. The consumption of Cu to form these intermetallic compounds during brazing resulted in the increasing amount of Ag-rich and Ti-rich phases in the brazement with increasing the brazing temperature and time. The maximum tensile strength of the joints, 294 MPa, was achieved at 1073 K for 60 s, which was 71% of that of the TiAl base metal. The mechanical strength of the joint decreased with increasing the brazing temperature and time due to the growth of brittle reaction products at the interface. The fracture mode of the specimen brazed at 1073 K for 60 s was a mixed mode, consisting of 16% TiAl base metal fracture and 84% interface fracture through the AlCu 2 Ti and AlCuTi phases. However, the fracture location shifted toward the interfacial reaction layers with increasing the bonding temperature and time.
Introduction
Titanium aluminides (TiAls) have a great potential to become important candidates for advanced applications such as turbine rotors, compressors, combustors and other jet engine parts owing to their properties characterized by light weight, high-temperature strength and oxidation resistance. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, they suffer from low ductility and toughness at ambient temperatures which, along with poor formability, appears to be the most serious obstacle to their full utilization. 14) Therefore, technology developments in alloy design, processing, surface modification and joining are very important in the expansion of applications of TiAl. Among these technologies, the joining technology is indispensable to the production of larger or more complex structural components. Especially, the successful joining of TiAl to structural steels can contribute to the excellent wear resistance and toughness of components. 13, 17) The joining of TiAl-based intermetallics has been successfully performed by fusion welding, [3] [4] [5] friction welding, 6, 7) diffusion bonding [8] [9] [10] [11] and brazing. [12] [13] [14] [15] [16] [17] Patterson et al. reported that the joining of TiAl using electron beam welding produced welding cracks in the joints due to rapid cooling. 5) Nakao et al. reported that the joint tensile strength of Ti-52Al joints using diffusion bonding was about 225 MPa. 8) Cam et al. reported that the maximum shear strength of the joints between TiAl sheets reached 569 MPa when a post bond heat treatment (PBHT) was applied after solid-state diffusion bonding. 9) Shiue reported that the maximum shear strength of the infrared brazed joints using an Al-based brazing filler metal was 86.2 MPa. 12) Noda et al. reported that TiAl to steel joints with a tensile strength of 320 MPa were successfully achieved by induction brazing. 13) Friction welding of TiAl/ AISI 4140 was studied by Lee et al. who reported that welding cracks degraded mechanical properties due to the formation of brittle martensite, but that crack could be prevented by using ductile Cu as an intermediate layer. 6) Xuan reported that the friction welding of TiAl/steel using iron-based insert metal could achieve a joint strength of 412 MPa. 7) However, most of them were concentrated on the joining between a TiAl and its alloy.
Diffusion bonding, 11) friction welding 6) and brazing 13) were investigated to join TiAl to steels. However, the long processing time and the high operational costs narrow the practical application fields of the diffusion bonding, despite the good joint properties that this method produces. In the case of fusion welding and friction welding, cracks were generated in the welding zone during cooling because of the low ductility of TiAl. In addition, fusion welding is limited to autogenous processes at present, since no wire of matching composition is generally available. 5) Moreover, the plug-type joint design which gives excellent thermal cycle endurance cannot be used for friction welding, though it provides higher joint strength than other bonding methods. 13) Brazing, as an effective joining process, offers many advantages over other joining processes, such as a relatively low joining temperature and the capabilities to join many parts simultaneously, to join dissimilar materials, and to join complex components as well as to provide high precision and better joint properties. 13, 15) Generally, pure silver can easily braze titanium and most of its alloys.
17) The addition of Cu and Ti to Ag can improve the joint strength, decrease the brazing temperature and enhance the wettability. 17, 23) Therefore, induction brazing using an Ag-Cu-Ti insert * 1 Graduate Student, Sungkyunkwan University * 2 Corresponding author: sbjung@skku.ac.kr metal under an inert atmosphere can provide a good method of joining of TiAl to AISI 4140 because rapid heating limits the formation of brittle intermetallics compounds and the residual stress is reduced due to the low flow stress of the filler metal and the control of the cooling rate. In this study, the induction brazing of TiAl/AISI 4140 using an Ag-Cu-Ti filler metal was carried out, and the microstructure and mechanical properties were investigated as functions of brazing temperature and time in order to evaluate the relationship between the microstructure and the joint performance.
Experimental Procedure

Specimen preparation and induction brazing
An investment casting method was employed to manufacture Ti-47 at%Al bars. The casted TiAl bar metal exhibited a lamellar structure consisting of TiAl and Ti 3 Al phases. Table 1 shows the chemical composition of TiAl and alloy steel AISI 4140. Both of two base metals were machined into a cylinder shape of '20 mm Â 35 mm. Cerametil 721 (Lucas-Milhaupt Inc.) with a thickness of 100 mm, which is composed of eutectic Ag-Cu alloy coated with a 40% vol Ti film on one side, was used as the filler metal. Ag-Cu-Ti alloy was not used because the activity of Ti decreases when it was alloyed.
23) The faying surfaces were prepared by polishing with a 1200-grit SiO 2 paper. Then, the specimens were ultrasonically cleaned for 300 s in ethanol. Figure 1 shows the schematic diagram of the brazing system used in this study. The filler metal sheet was placed between TiAl and AISI 4140, with its Ti-coated surface facing the TiAl base metal. An R-type thermocouple was connected to the edge of the brazing surface. Figure 2 shows the temperature profile used for the brazing; all of the specimens were preheated at 1023 K for 120 s before heating them up to the brazing temperature in order for the superficial and internal temperatures of the brazed specimens to be almost homogenous. Then, the joint position was heated to brazing temperatures of 1073, 1123 and 1173 AE 2 K and kept at the temperatures for 60, 180 and 300 s by high-frequency induction heating under a slight pressure sufficient to fix the specimens. After being brazed, all of the specimens were cooled slowly in order to reduce the residual stress of the brazed joints. The brazing was carried out in an argon atmosphere to prevent the oxidation of the specimens during heating. The furnace was filled with argon gas at 2:7 Â 10 4 Pa after it was evacuated to a vacuum of 3:7 Â 10 À2 Pa.
Microstructural analysis
The cross-sectional microstructure of the brazement was observed with a scanning electron microscope in backscattered electron imaging mode (SEM BEI) at an operating voltage of 15 kV. Quantitative chemical analyses of the reaction products at the brazed joints were performed by an energy dispersive X-ray spectroscopy (EDS) and an electron probe micro-analysis (EPMA).
Mechanical tests
The Micro Vickers hardness test was performed on polished transverse cross-section of joints at two testing loads of 0.098 and 0.245 N, and a testing time of 10 s. To evaluate the joint strength, a tensile test was carried out at a room temperature and at a cross-head speed of 0.5 mm/min. The specimens for the tensile test were machined using an electronic discharge machining (EDM) process, as shown in Fig. 3 . The fracture surface after the tensile test was observed with a SEM and analyzed with an EDS. Figure 4 shows the results from SEM BEI and EPMA chemical analysis of the joint brazed at 1073 K for 60 s. There was no continuous reaction layer at the interface between the filler metal and AISI 4140, so the chemical composition of the reaction products only at the interface of the TiAl to the filler metal was analyzed using EPMA. Two reaction layers, marked B and C in Fig. 4 , were observed at the interface between the filler metal and TiAl. Their stoichiometries were close to those of AlCuTi and AlCu 2 Ti with small amounts of Fe and Ag. Similarly, Shiue et al. reported that AlCuTi and AlCu 2 Ti were formed at the interface of infrared-brazed TiAl/BAg-8 (Ag-Cu eutectic)/TiAl joints for 30 to 180 s at 1223 to 1423 K. 15) In addition, Tetsui et al. reported that an AlM 2 Ti type hard B2 intermetallic was formed at the interface between the filler metal and TiAl as a result of the reaction of TiAl with Cu, Ni or Au originating from the filler metal. 18) On the other hand, a lamellar structure was found at the interface between the TiAl base metal and AlCu 2 Ti reaction layer, which consisted of phases with chemical compositions approximately equal to those of AlCuTi (marked by B) and TiAl (marked by A). The TiAl base metal has a lamellar structure consisting of TiAl and Ti 3 Al phases. Generally, the diffusion rate of impurity atoms in TiAl matrix is slower than in Ti 3 Al matrix. 24) Therefore, it is suggested that the differences in the diffusion rate of Cu atoms in TiAl and Ti 3 Al phases in the TiAl base metal resulted in the lamellar structure.
Results and Discussion
Microstructural analysis
In addition to the B and C layers, following four phases were observed in the brazement: an Ag-rich phase marked by D, a Ti-rich phase marked by G, a CuTi 2 phase marked by F and CuTi marked by E in Fig. 4 . Cu and Ti were dissolved in Ag matrix and formed Ag-rich phase in the brazement. According to the binary alloy phase diagrams, the solubility of Ti in Ag matrix at room temperature is 3 at% and the solubility of Cu at 1053 K is 13 at%. It is reasonable for the Ag-rich phase to be alloyed with Ti and Cu.
According to the isothermal Ag-Cu-Ti ternary alloy phase diagram, Ag-rich and CuTi were the most stable phases within the chemical composition of the filler metal at 1073 K. The CuTi 2 phase may be formed between the Ti-rich and CuTi phases by diffusion during brazing. Figure 5 shows the SEM BEIs of the TiAl/AISI 4140 joints brazed at 1073 K for 60, 180 and 300 s. The thickness of the reaction layers increased from 2.4 to 3.0 mm with increasing the brazing time from 60 to 300 s. The growth of the interfacial reaction layer resulted in the loss of Cu atoms in the filler metal. The consumption of Cu increased the volume fraction of the Ag-rich and Ti-rich phases, as marked by D and G in Fig. 4 , as the brazing time increased from 60 and 300 s. Figure 6 shows the results from SEM BEI and EPMA chemical analysis of the TiAl/AISI 4140 joint brazed at 1173 K for 300 s. The brazed joint was divided into bright and dark regions, as shown in Fig. 6(a) . The bright region was identified as Ag-rich phase with a massive-island shape, as marked by G in Fig. 6(a) , while the dark region consisted of fine Ag-rich and CuTi 2 phases in CuTi matrix, as shown in Fig. 6(b) . At a limited part of brazement, a C rich Ti phase was observed near the Ti-rich phase. This phase can be regarded as TiC phase.
The Ag-Cu-Ti ternary alloy system has a miscibility gap dividing the liquid filler metal into two solutions having different Ti concentrations at 1173 K. [19] [20] [21] [22] The Ag-rich phase with a massive-island shape might be formed by this liquid separation due to the different melting points of the two liquids.
There existed a Ti-rich phase containing Al, Cu, Fe and Ag in the brazement. The binary alloy phase diagrams show that the solubilities of Al, Cu, Fe and Ag in Ti matrix at 1173 K are 9, 10, 18 and 17 at%, respectively. Thus, it is normal for the Ti-rich phase to be alloyed with Al, Cu, Fe and Ag to contents within their soluability limits at 1173 K. Figure 7 shows the SEM BEIs of the TiAl/AISI 4140 specimens brazed at 1173 K for 60, 180 and 300 s. The thickness of the reaction layers between the filler metal and TiAl increased with brazing time, while no reaction layer was formed at the interface between the filler metal and AISI 4140. The thickness of the AlCuTi and AlCu 2 Ti reaction layers was 6.6, 8.0 and 10.4 mm at 60, 180 and 300 s, respectively. The amount of Ag-rich phases increased with increasing brazing time.
In the study by Shiue et al. who investigated the infrared brazing of TiAl intermetallics using BAg-8 filler metal at temperatures ranging from 950 to 1150 K for brazing times ranging from 30 to 180 s, it was reported that the brazement consisted of Ag-rich and Cu-rich phases. 15) However, in this study, the brazed joint was composed of Ag-rich, Ti-rich, CuTi and CuTi 2 phases. This could be explained on the basis of the Ag-Cu-Ti ternary phase diagram. The addition of 40 vol% Ti to the Ag-Cu eutectic resulted in the eutectic point of the Ag-rich and Cu-rich phases lying inside the compatibility triangle connecting the Ag-rich, CuTi and CuTi 2 phases. Moreover, the growth rate of two reaction layers, consisting of AlCuTi and AlCu 2 Ti, at the interface between TiAl and BAg-19 in the study by Shiue et al. was higher than that at the interface between the filler metal and TiAl observed in this study, because of higher brazing temperature of B-Ag19 than that of Ag-Cu eutectic alloy coated with Ti film. Figure 8 shows the Vickers microhardness of the various phases in TiAl/AISI 4140 joints. The Ag-rich phase was very soft compared to all the other phases. The reaction layers, AlCuTi and AlCu 2 Ti phases, were harder than the base metals. It has been reported that the interfacial microstructure is strongly related to the bond strength of the joint. 13, 15) Therefore, it is suggested that the growth of these continuous brittle reaction layers, i.e. the AlCuTi and AlCu 2 Ti phases, should degrade the bond strength of the TiAl and AISI 4140 joints.
Hardness test
Interesting phenomenon was the remarkable increase in the hardness of Ti-rich phase with increasing the bonding temperature. With increasing the bonding temperature, many elements, such as Al, Ag, Cu and Fe, were dissolved in Ti matrix during brazing process, as shown in Fig. 6 . It is uncertain whether the Ti-rich phase was -Ti or -Ti because Al is a strong -Ti stabilizer and Fe over 3.5 at% is a majorTi stabilizer. In any case, the addition of Al in -Ti matrix improves the mechanical properties and the addition of 6 mass% Al makes the tensile strength double because of a strong solid-solution hardening effect of Al on Ti. 25) Therefore, it is normal for the Ti-rich phase to be hardened by the solid solution strengthening and/or the phase transition. Figure 9 shows the tensile strengths of the joints brazed at temperatures of 1073, 1123 and 1173 K as a function of brazing times. The maximum tensile strength of 294 MPa was obtained at a brazing temperature of 1073 K for a brazing time of 60 s. This value was 71% of that of the TiAl base metal; the measured maximum tensile strength of the TiAl base metal used in this study was 415 MPa. A further increase in brazing temperature and time decreased the bond strength because of increasing amounts of brittle reaction layers. Figure 10 shows the results from SEM BEIs and EPMA analyses on the fracture surfaces of the brazement after tensile tests. The fracture mode of the joints brazed at 1073 K for 60 s was a mixed mode consisting of 16% TiAl base metal fracture and 84% interface fracture through the AlCu 2 Ti and AlCuTi layers. The fracture location shifted to the interface between the Ag-rich and AlCu 2 Ti phases as the bonding time increased from 60 to 300 s. The other phases, such as the CuTi and CuTi 2 phases, were not found on all fracture surfaces. However, Ti-rich and TiC were found on the fracture surfaces at a higher brazing temperature of 1173 K and longer brazing time of 300 s.
Tensile test
Fracture surface
A fine rod-shaped TiC phase was found near Ti-rich phase on the fracture surface. Because Ti has a strong affinity for C, TiC could have been formed by the reaction of Ti in the filler metal with C which diffused from AISI 4140 steel to the brazing joint. 13) In particular, TiC was found at the interface between the filler metal and TiAl, but not between the filler metal and AISI 4140. Because the density of TiC is about half of that of the filler metal, it was not surprising that the TiC was floated on the molten braze due to the gravity effect. The formation of TiC phase, which is very hard and brittle, might remarkably increase the hardness of Ti-rich phase, marked by G in Fig. 8 , and decrease the tensile strength of the joints, brazed at 1173 K, as shown in Fig. 9 .
As discussed earlier, there were many reaction products at the interface between the filler metal and TiAl. Generally, the formation and excessive growth of interfacial reaction layers lead to stress concentrations and stress discontinuities at the bonded interface induced by mismatch of the elastic modulus.
26) The elastic moduli of TiAl, Ti, TiC, Ag and AISI 4140 are 170, 105, 450, 76 and 205 GPa, respectively, while these values of AlCuTi, AlCu 2 Ti, CuTi and CuTi 2 could not be referenced. Therefore, it is suggested that the formation of brittle reaction layers, such as AlCuTi, AlCu 2 Ti, Ag-rich, Ti-rich and TiC, degraded the tensile strength of the joints.
Conclusions
We investigated the microstructure and mechanical properties of the TiAl/AISI 4140 joints brazed at various brazing temperatures ranging from 1073 to 1173 K and brazing times for 60 to 300 s using a filler metal of eutectic Ag-Cu alloy coated with Ti film. The main results can be summarized as follows:
(1) The brazed joints consisted of Ag-rich, CuTi, CuTi 2 and Ti-rich phases at 1073 K. Ag did not form reaction products with the other elements. The amount of Ag-rich and Ti-rich phases increased with brazing time owing to the consumption of Cu in the braze zone. There was no reaction product at the interface between the filler metal and AISI 4140, but two reaction products, AlCuTi and AlCu 2 Ti, were formed at the interface between the filler metal and TiAl, and their thickness increased with brazing temperature and time. ( 2) The miscilibty gap of Ag-Cu-Ti alloy divided the brazement into bright and dark regions at 1173 K. The bright region was Ag-rich phase with a massive-island shape. The dark region consisted of Ag-rich, CuTi and CuTi 2 phases. (3) The maximum tensile strength was 294 MPa, which was 71% of that of the TiAl base metal, for the specimen brazed at 1073 K for 60 s. Further increases in the brazing temperature and time decreased the bonding strength of the joints, because of the formation and growth of brittle reaction products, such as AlCuTi, AlCu 2 Ti, Ag-rich phases, Ti-rich and TiC phases.
